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ABsTILKr

Dazafrom two simulationson particle limited grain growth arc reported For 3D simulationsthe
same type of strong correlation between ywticles and grain boundaries previously found in 2D
simulations was found with the limiting grain size scaling in 3D wi”fi (1/f)OCsl.Very much
higher particle correlationwith grain boundariesand particularly with grain comers was obtained
than ex tcd for the random microstructure. The size distributionof the pinned grain structures

rshow considerable differences from that of dynamically evolving single phase structures -
notably an absence of small grains with radii less than 0,3 <R> and the presence of a few large
grains in the pinned samples. In 2D simulations from a finite startin$ grain size it was shown
that the limitin~ grain size is strongly modified by the starting grain sue which may explain at
least p~ti of fie wide scatter in pmncd grain sizes reported from experimental studies. It is

. suggested that normal grain growth ceases when the smallest grains in the size distribution can
no lon$er shrink. Finally limited new experimental data on grain growth with a stable
dispersion in an Al-Fe alloy is reported, This data is, at least partially, in agrcemen! with the
simulation results but most strikingly shows a ready transition to abnormal @n growth at low
volume fraction of second phase particles, A simple model for this effect 1sproposed - based
on tie Zcneranalysis but applied only to abnonnai grain growth into a fine grain structurepinned
to a small grain size in the mancr suggestedby the simulations.

1. INTRC)DUCIION

In the 7th Riso Conference, Anderson: 1986)described the Monte Carlo simulation techni uc
\used to study groin growth, in the early studies, Anderson et al.(1984),Srolovitz et aL(198 a)

established how, by usc of a 2 dimensional hexa onal lattice, 2D grain growth could be
feffectively simulated both with respect to kinetics an to the microstructure including the steady

state grain size distribution. Subsequent studies by Grcst ct al.(1988),using a larger lattice and
in con3cquencea Ion cr

fr
riods of grain growth, established the expected kinetics, w lb with

n= 0,49 * 0,02, The un amental equation is:

<RW (t) = <R>m(0) + B t (1;

Which at long times, <R>m(t) >> <R>m(o), reduces to the usually quoted form:

cR> (t) = B’to (la)



‘ <R> (t) is the mean grain radius at time t. As ha;been repeatedly shown (Atkinson 1988,
Mullins and Vinals1989) in interface controlled reactions involving growth of a “self similar”
structure, such as 2 or 3D grain growth, n should be 0.5. In an important recent extension the
computer simulation technique was extended to 3D simulation, Anderson et al. (1985, 1989a).
They showed in 3D simulations very similar results, initially n = 0.48ML04but with a larger
lattice ak longer times n = 0.47f 0.02 was obtained. As discnsscd by Anderson et al. (1986
and1989a) the simulations appear to match not only the analytical kinetic behavior but also to
match cxperirncntalobservationsof the grain size distributionsand the grain topology.

The same type of method has ken used to study recrystallizationin 213simulationsfor both
homogeneous nucleation ( Srolovitz et al. 1986) and heterogeneous nucleation (Srolovitz et al.
1988). Thr simulation of homogeneouslynucleatedrecrystallizationshowed the coma form of
the Johnson-Mehl-Avrami-Kolmogorov(JMAK)kinetics. Doherty et s. I.(1986)in the 7th Riso
Symposium used the same type of simulation to explore the probletn of of the usual failure to
obscwe the expcctcd JMAK kinetics fGrrecrystallization. It was found that if the stond energy
was varied b grain to grain then wduccd JMAKexponentswere found - very similar to those
seen in experimental studies of plastically deformed metals. Further studm by Rollett et
al.(1989a) conf~ these results and directly demonstrated that the cmcia.1assumption of the
JMAK analysis of nucleationand growth reactions,eq.2, while valid for uniform stored energies
was seriously in error for non-uniform stored energy.

dF = (1- F)dFe (2)
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F is the true volume fhction of tmnsfomcdmtucriuland Fe is the cxtcndcd volurnc fraction - the
volume occupied by the ncw structure if no corrccticmis mitdcfor impingement of the growing
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new grains. Fig.1 shows the close agreement to eq. 2 for uniform stored energy where the
assumptions leading to eq.2, random nucleation and spatially constant growth, are found. Fig.2
however shows that the with non uniform stored energy the impingement correction is grossly
underestimated by eq.2. The physical meaning of this is that in regions of higher stored energy
more grains am nucleated and they gTOWfaster into the more deformed grains than elsewhere.
As a consequencethere is muchmore impingementoccuring amongst tke clustered grains than
is predicted for a more random structure at the same fraction recrystallized Such clustering of
nuclei in selected grains in moderatelydefomed pure metals is commonly obscwcd tMdiscussed
by Doherty et al.(1986) and Rollett et al.(1989a). Very recently Hutchinson ct al.(1989)
demonstrated the validity of this concept by elegant residual stored energy measurementsduring
recrystallization. In heavily roiled coarse and fine grain sized copper over 50% of the stored
energyV.Wreleased while the first 20% of the deformedmaterial recrystallized.

In both studies of normal grain growth in single phase materials and of recrystallization the
computer simulations seem to match the current analyticalmodels very closely provided that the
assumptions of the simulations and the analysis were the same. The recrystallization studies
also showed that the simulations could match experimental conditions rather well, at least
qualitatively, in much more complex situations. These close matches lend some confidence to
the validityof the simulationseven thoughthere may remain possible doubts about the validity of
the simulation in different circumstances - in all cases simulation like analysis only provides a
basis for suggestingand analysingactual experiments.

In the situation of grain growth in particle containing materials the simulation results have been
found to give significantly different result from the standard analytical theory and these results
includingrecent new results will be describedhere and compared with previous experiments and
with somepreliminary new experimentalstudies suggestedby the simulations.

2. CLASSICALPARTICLELIMITEDGRAINGROWTH

The classical analysis was provided by Zcner though published by Smith(1948). The subject has
been reviewed many times, see Ashby(1980) Nes et 81.(1985)Hillert(1988) and only the major
assumptionsand results need be given hem. When a grain boundary migrates onto an spherical

0 incoherentparticle of radius r ( that is one whose interracialenergy is unchanged by passage of a
high angle gmirtboundary)the systemreduces its energy by AE:

AE = lt rzy (3)

y is the grain boundaryenergy. To move the boundaryoff the particle a force F must be applied
and this force achievesa maximumvalue given by:

If it is assumed that the boundaryand the particles are uncorrelated in position, then the number
of particleson unit area of the boundaryN is:

N=3f/2nrz (!5)

Where f is the volume fraction of particles. The product of N and F gives the Zener drag, Z,
provided by the particles Againstthe migration of a grain boundary moving under a driving
pressure P,

Z= NF= 3fy/2r (6)

By soap film simulations and by studies of recrystallization in pm-titlecontaining alloys with a
storedenergy P that fell with distancc( from a hardness indent) Ashby et al. (1969) wem able to
confirm to a su rising accuracy the validity of this simple model,

T
The recrystallimd grain

boundariesand t c pressurised soap films were halted when P = Z. More detailed analyses, scc



Gladman (1966), Louat (1982), Nes et aL(1985),Hi11ert(1988),only changed slightly the results
of the simple Zener analysis. Them seems at present no reason to doubt the validity of the
analysis for migration of a high angle grain boundary between two grains when driven by a
pressu P that arises from energy differences between the grains. Current Monte Carlo
simulationsof recrystallization in 2 dimensional (2D) panicle containing structures b Rollctt et

Lal. (1989b) seems to support the concision that when Z < P in recrystallization the nduries
can migrate past the particles with little difficulty and that there is a random corrdation of
particles with boundariesso that, the 2D equivalentof, q 5 is valid for recrystallization.

A very different result appears however when boundary migration is occuring during grain
growth - that is when boundaries experience a pressure P dete.mined by their own radius of
curvature, &.

p. 2y/& m

Assuming as in the Zcner analysis that grain growth wi!l cease when the mean radius of
cuwaturc ( taken in the simplemodel to be equal to the mean grain size @>) increasesuntil Z =
P - this gives the much quoted Zcncr result:

~>= 4r/3f (8)

Again more detailed analysis using the same assumptions only effects this result in a rather
marginal way, see Gladrnan(1966), Louat( 1982), Nes et al.( 1985), Hillert(1988). An
alternativepoint of view has been expressed, apparently independently,by vtious investigators:
Hamun and Budworth(1968), Anand and Gurland(l 975), Hcllman and Hillert(1975),
Hutchinson and Duggan(1978) and Doherty et al.(1987). In this a preach it was either

[obscmd directly or predicted that the majority of particles will lie on oundarics between 2
grains or at edges between 3 grainsor at comers between4 grains. Under thesecircumstances
the number density of particles on unit area of grain boundary is much luger than ~redicted by
cq.Sand the limiting grain size is then found to vary with the volume fractionof particlesas:

Particles at boundaries: ~> = kr/ (@.5 (9).

or at comers: <D> = k’r / (f)O.33 (lo)

Experimental data supporting eq, 9 has been provided by Anand and Gurland(1975) and
Hellmanand Hillcrt(1975) in quench and tempered steels and to a more sophisticatedversion of
ea. 9 taking into account the dispersion of particle radii for grain sizes in sintercd calc;um
flouride by Haroun(1980). Data that gave

!
Iausiblc fit to q, 10 has been provided by

Olgaard and Evans (1986) using their own data or hot pmsscd calcite and from a rcanal sis of a
large range of data from both metallic and ceramic materials. The summarized data 10 m the
Olgaard and Evans review is shown as fig.3, in which log (D/d) is plotted against log f and trend
Iincs of slopes 1:1 (eq.8), 1:2 (eq,9) and 1:3(eq,10)arc given. Fig,3 indicates several striking
featureswhich include:
i) ?hc very largescatter,especiallyin the ccmmicdata

Note that “cal”is calcite, Lange and Hirlingcr(1984)and Grccn(1982)are for alumina, in these
cases the mixed ceramic powders arc b)cndcd and hot rcsscd.

1’
The metal data covers

recrystallized Al containing fine alumina, Tweed ct al. (19 3) and the examples of quench and
tcmpcrcd steel, Anandand Gurland (1975) and Hellmanand Hillcrt (1975).
ii) The tendency for almost all individual icces of data (except that of Hsu) to show a slope

fcloser to qs 9 and 10 than the 1:1 slo c o eq,8, In the table of data published by Olgaard and
rEvans(l 986) this is shown more dear y, However it should be noted that additional data by

Koul and Pickcring( 1982) on grain growth in recrystallized austcnitic steels also ftts quite
closely the results of Hsu (1984),
iii) Thc sim lCZcncr result clearly fails at very low vnlucs of f - the lowest D/d value in Al-
Al& (TW CM/’ ct al.1983)ftdls nearly two orders of mngnitudcbelow the predictionof q,8,
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Fig. 3. Log of the ratio of the pinned grain size to !he particle diameter
versus log of the volume fraction of second phase particles. Lines of
slopes 1:1, 1:2and 1:3are plotted. From Olgaard and Evans (1986).

It is for this problem that the Monte Carlo simulations arc of great value. In a crucial paper
Srolovitz et al. (1984b) studied grain growth in 2D with a range of volume fractions between
0.05 and 0.M)5. The initial “grain size” was a lattice point, the same size as the inert article,

f’and for much of the growth time the mean growth rate showed no effect of the panic es - not
surprisingly since most grains were not in contact with any panicles. As the grain size reached

. the approximate interpanicle spacing, S = ( I/f )0.t, the growth rate slowed down and finally
halted at a mean grain radius <R> given by:

<R> = (1,70 * 0.06) r / (f)”~ (11)

The !Yactiottof pamcles on grain boundaries, $, was found to be close to 1 so that, as discussed
by Doh

v
et al.(1987), under these circumstancesq.9 should bc the expected result using the

Zener an sis for 2D @n growth.
i

Srolovitz et al. (1984b) had themselves derived e% 11on
the simple asis that in 2D panicles arc extremelyeffective in removing the curvature

7
Ulrcdfor

grain growth, so that when each grain is in contact with 3 particles, all grain growt ceases.
This immediately gives cq. 11 as cR> = (3)~0~r / (f)Os. Hillwt(1988) obtained the identical
result - even an lsolatcd triangular grain with 3 partic!cs at its comers will not vanish, fig. 4.
However in the same paper the problem of 3D grain growth in the presence of articles was still
discussed in the original Zcner manner - #as u drag on a migrating boundary su ace betweentwo
grains and not in tcrrns the influence of particles in removing curvature - the analysis which has
proved to be so useful in the 2D case.

To gain fuxtherinsight intu this roblcins two furthertypes of simulation have been run and will
be briefly descnbcd hem: LA 3 simulation ntn from an initial grain size of one lattice point -
that is with the initial grain size very much smaller than the intcrparticlc spacing, initial results
from that study have been aheady published in outline, Anderson et al (1989b), In the second
type of simulation, run so far only in 213, grains were initially ~rown without particles to a
mean am ul~ >> 4 tic particle and lattice site area. At this pmnt different volume fractions
of mwticles were randomly introduced into the microstructure and grain growtti allowed to
continue until a limiting size was achieved, The point of this simulation was to model the usual
case in a metallurgicalstructureof a grain structutt achicvcd,for exampleby recrystallization

R
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when the boundarieswill rapidly pass particles, so giving a near Zcner-lilccsituation of random
boundary particle boundary correlation. Grain growth ffom this type of situation is that
commonlyseen in tnctailurgicalprocessing. The developmentof “ceramic-like”microstmctures
with two immiscible phases mixed at a grain level with both phases allowed to coarsen has not
yet been simulated. In both the cumcntsimulationsthe total fiction of the particles found on all
grain boundaries, the separate fractions of particles at boundaries between 2 grain$ at 3 @n
edges, and in the 3D simulation, the fraction at 4 grain comers, $, ~z, ~s, $4, were
continuouslymonitored

3. 3D SIMULATION- SMALLINITIALGRAINSIZE

The technique has been previously desaibed (see Anderson 1986 and Anderson et al. (1989a
and b)) so only a very brief outline need be given. At the start of the simulation each lattice
point is given a random number Q, between 1 and 48, and then randomly selected sites have
their Q value randomly switched to a different value. The total energy of the system is
determined by assigning an energy J between any two lattice points with different Q values.
Any switchin Q that lowers the energy, or does not increase it, is accepted. The unit of time is
the Monte Carlo Step (MCS) - where 1 MCS is determined by a number of attempted switches

. equal to the numberof switchablelattice points. In the 3D simulationa simple cubic lattice was
used with 100x100x100 lattice points and with the first, second and third nearest site
neighbors counted as contributing an equal amount, J, to the energy of unlike neighbors.
Anderson et al, (1989a) have described the detailed studies of 3D single phase grain growth
simulation. In order to simulate the effect of second phase particles at the start of the
simulation,when the number of grains is comparable to the number of lattice points, a fraction,
f, of points were selected at random and each given a new number, Q + 1. These sites were not
allowedto switch. T&e sites thereforrepresent second phase particles particles and they wcm
assigned the same energy penalty, J per ncighbour, as determined the grain boundary energy.
That is the simulated~articlc/ matrix interfacehas ~~esame in@rfacialenergy as the matrixgrain
boundaries, The pamclcs wcm not allowd to move or to coarsen. As in a real structure,when
a grain boundary moves onto a particle there is a reduction in energy of the system, cq.3.
Different volume fictions of particles were used, from f = 0.005 to f = 0.16, and for each
value off, two runs were performed to improve the statistical averaging. At early times the
mean grain volume grew rapidly at the same rate as a particle free microstructure, but as the
grains vw to a size comparable to the interparticlespacing, ( l/f )1~,the grain growth haltedat
a Iimitmg grain size, fig.5, Fig. 6 shows sections through the 3D microstructure in the

1’
inned state at two of the volume fractions and fig,7 shows the cmcial result of how the mean
imitinggrain volume VL,wuies with the volume fraction, f, of panicles on a log/log plot. The

dashed line in fig 7 is the empirical q. 12,

VL,lV = k/fb (12)

v is the volume of one lattice site, k = 91,0 ~ 16,9 and b = 0,922 i 0.045, On reducing q.
12to ~ive the limiting grain radii we obtain eq,13.



RL/r = k’/fc (13)

Here k’isfound to bc43*0.8 tmdthecrucial cxponcn~c. %0.31 tO.02. vistbcvolumc
drtidmof-~ ~-tititicptihg -mcle ‘Ihisrcsult isthccxpcctdfcam
Of~.10, when me “ have grown to a size equivalent to the mean particle ~gt (VfYfi,

Fthat Iswithrxmst o thcparticlcsat grain ccmmsi HcIhnan and ILkrt(1975).
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This picture was partially tort.fi.mcdby detcrminari;n of the total fraction of particles on grain
boundaries, $, and the separate fractions of the particles on 2 grain faces, 3 grain edges and 4

@m- h h d $4 respectively. Fig.8 shows tie obscxvcdvalues and it can be seen
that they arc much larger than would be expected for a random correlation of particles and
boundaries. As discussed by Anderson et al.(1989b), the values of @and ~ expected for a
“Zcncr”situatkmof mndonccmdation of particlesand boundmiesarc given by:

w) = 3r/RL (14)

and $4C) = 6r3/RL3 (M@

At f= 0.01, when RLh = 18.2, ~ =0.16 and $4(z)= 0.001 compared to the measured
valucs of $ = 0.41 and $4 = 0.01. The high mcaurcd values of the fraction of particles on
boundariescompared to the Zcner values shows that in 3D, m in 2D, particle inhibited grain
growthcanna at least in the simulations,be treated by balancing the Zcncr drag on a bumiary
with the avcmgcdriving force for grain growth,cq.7. Abetter structural model is mqukd.
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Fig.8 Fractions of the particles found at grain faces, ~, grain edges, b,
and grain comers, $4, and the total fraction of particles at boundaries, ~,
in the pinned microstmcturcs as a function of the volume fraction of
particles, f.

In the 21) case Srolovitz et al. (1984b) and Hillcrt (1988) have argued that the Pinning
mechanismcan be understoodby the ability of panicles to removecurvature, so that gnuns with
less thm six ncighbours but in contact with particles will not disappear, see fig 4. This is easy
to see in 2D structures but is mucil less transparent in 3D. Rhines and Craig(1974) in
discussing the topology of @n growth, as revealed b;’serial sectioning an alurninium sample,
found that the simplest sma.hgrains htyat the comers of 4 grainjunctions and had the fcmnof a
tcuahcdron, fig 9a. The requirement of 1200angles at grain edges and lW.50 an$les at grain
corners causes the convex sha c shown -

r$
this curvature leads to the shnnka c and

disappcaramc of such a grain. owevcr if particles had pinned the 4 grain comers k “swill
allow the grain edges to meet at particlesat ang!ss other than the required lW.50 angle. Under
these circumstances the net curvature, (l/Rl + l/R2) could be rducc.d to zero by a balance of
two opposite ctnvaturcs, fig 9b, thereby stabilizing such a grain against shrinkage.

Q



(a)

Fig. 9. (a) The convex shaped grain described by Rhines and Craig (1974) in
single phase grain growth. (b) Possible simikir sized grain pinned by particles
at the grain curncrs showingzero net curvature.

In order to gain some fwher insight into this idea, the pinned grain strtwturcs in the 3D
simulationsam being studiedin mom detail to comparewith the grain structuressimulatedin 3D
Singlephase grain growth.
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Fig.10 shows the grain radii distributions, calculated from the “observed” grain volumes, for
two microstructure, in fig 10afor the particle free case and in fig.10bfor the pinned structure
at f = 0.04. There is a signifkant statisticalnoisedue to the limited number of grains (compam
with fig 1le or Anderson et al. (1989a) for a statistically smoothed version of fig 10.a). It is
clearly seen (i) that the pinned structure is somewhatmore sharply peaked with the pk of the
distribution at values of R somewhat less than ~>, (ii) that there arc marked less very small

!grains in the pinned structure and (iii) that there is a suggestion of a very cw much larger
(abnoxmtd)grains. ~e last observation is not yet clearly established but if it is conilmed it
would be very significant in the light of the experimentalobscwation of abnormal grain growth
in low volume -on particle containing material described later. The cut off at the small
grain size has been fhdy established in the results analysed so far. The physical signifhuwe
of this cut-off seems to be that m the pinned structure all the smallest grains with R less ‘dmn
0.3 @ have already vanished while in the still dynamically evolving single phase structure
these grains are in the act of vanishing but they wul then bc replaced by relatively larger “ s
that arc in the next larger size classes. rIn the pinned grain structure the grains cornpara le to
the smallest grains in the single phase sttucture have vanished - but they am not being replaced
by the shrinkageof the next largest grains. This hypothesisgives the concept that ~

.

~.

The other aspectof the pinned microstructurcsthat has beenvw recently studied is the detailed
topology of all grains with respect to their mlatiwesize, the distribution of particles at their
boundaries, edges tmd corners and their numbers of adjacent matrix grains. Table 1 shows
someinitial msuhs of this analysis for four of the microstructure.

m Analysis of computersimulatedtnicmsaucturc

f * 0,()
<V> = 4,525

Smallest v/<v> = 0.03
5% of grains NN= 7.2,

.

Smallest v/<v> = 0.04
10%of grains NN= 7.6

Grains with
v/<v>=o.12 NN= 9.2

4s-55% of v/<v> = 1.0
grainvolume NM= 16.6
distribution

Grains with
v/ <v>= 1.0 “

Largest5%
of grains v/<v>=4- 13

F = 0.005
<V>=ll,lll

V/ <V>= 0.08
NN=8.1
nj = 4.2
nd = 0.9

v/<v>=o.11
NN= 8.5
n3 = 4.7
n4= 1.1

*1

V/ <V>= 0.65
NN= 13.6
113= 12.2

n4=2

62-7l%of grains
NN= l(j
n3= 13
n4=2

f*= 0.01
<V> = 6,536

v/ <v>= 0.06
NN= 8.7
33 = 5.9
n4=2

V/ <V>= 0.08
NN=9.1
n3 = 6.5
nd=l.9

pJ~= 10.3

v/ <v>= 0.50
NN= 12.9
nJ = 13.9
n4 = 3.8

v/<v>=3-7 v/<v7= 3-15

f*= ot~
<V> = 1,938

v/ <V=(I.10
N~=901
nj = 12
~ m9.5

v/<v> = 0.12
N~ -9.2
~3 = 13
n4 = 9.2

:1

v/ <v>= 0.51
NN= 12.6
nJ s 31.2
nd ~ ]2.5

72-74%of grains
N~ = 16
nj = 43
r4=16

v/<v>=3-30

V/<V> is the mean of the ratio of the grain volumeto the mean grain volume, NN is the mean
number of neighboring grains, n3 is the mean number of particles on grain edges. n4 is the
mean numberof particles on grain comers. f* - pinnedparticle containing structure.
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Thcrc arc several striking points to be seen in table 1. The first is the variation in the size
distribution between the particle containing and particle tie structures previously noted in
fig.10. TM smallest grains seen in he single phase structure arc missing from the pinned
structure and the median value of the ;inncd distribution occurs at R less than * . The
second feature of table i is the mean number of grain neighbors shard by the smallest grain
size. ?his number is surprisingly large, with 7-9 neighbors for all the microstructurcs. It
might have been expected following a simple reading of the classic study by Rhincs and
Crai (1974) that most shrinking grains in a single phase structure would end their lives as

m%te cdrons - this may in fact be the case but the probability of catching this transient form
appears to be negligibly small. It is however significant both for the single phase and
pticulariy fm the particle containingstructuresthat the smallest grains arc seen to be in contact
with a large numbers of larger grains. Small grains have small faces - but these small faces arc
of course shared with the im~inging large grains. The tension of the

r
“nboundaries of these

external grains, as they impmge on the smallest grains, will act tos ow the tduhkage of the
small @n& Another way of saying the same thing iz to =-ognize iiat as the number of faces
inacascs towards 14 the curvature causing shrinkage deceases, Rhines and Craig(1974). For
the singlephase case this strucmralfeaturewill merelyeffect the tinetics of nomal grain growth
but for the particle ccmtciningstructures, the ending of normal grain growth appcttrs to take
place by inability of the smallest gmh - to shrink away from the high density of particles and
from the surrounding grain boundaries. The current conclusion from the early analysis of
these stxucturcsis that in 3D, as in 2D, particles arc very efficient at removing the net cuwature
of the boundaries- pdcularly at the smallest grains in the distribution. It is also apparentkm
table 1 that the pinned grain structures arc not seif-sir,.ilar - there is a significantly hi her

hconcentration of particles at grain corners at the highest values of particle fiction, f. is
higher concentration of particles corresponds to the ti~ pinned grain size with high f, cq.
13, whichhave a larger driving force for shrinkage.

2D SIMULATIONOF PARTICLELTnf,~EDGFWN GROWTHFROMA FINITEGRAIN
SIZE

This simulation was designed to model the micrstructural evolution in deformed metals grains
which have recrystallizedto a sizedeterminedby the relative rates of nucleationand growth in a

. deformed microstructure. The driving force for growth in recrystallization is usually much
larger than the Zmcr drag, Ashby (1980), so at the end of rcc stallization only random

c?’comlation of grain boundaries and particles would be expect , see Ashby et al.(1969).
Grain growth will then continue from this structure expected to have a random correlation
bctwccnparticles and boundaries. This process is readily simulated - though results so far have
been obtained only in 2L). The procccdum was to allow grain grow!h from the usual starting
structureof a one latticepoint grain size, Srolovitzet al.(1984a),to a mean prain area usuallyof
40 lattice points though some largervalues were nlso used (80 and 160lattlce points). Having
achieved these strarting structures with no particles, various area fractions of panicles (0.0125
to 0,225) were randomly introduced into the structure an~ the simulation allowed to run. A
full set of results with sufficient set of repeats to give improved statistics is not yet availublebut
the initial results reported here clearly show the main trends, The values of starting grain size,
<A>O,and area fraction, f, were chosen so that the Zcncr analysis would for some structures
predict grain growth while at others with higher area fractions it should not be posiblc. The
2D versionof 6q.8 is:

R =~r/4f

A =~za/]6fi

At <A>. = 40, cq.15b predicts no grain mowth for

(15)

(15a)

f >0.124. On the basis of urcvious
simulations, and their reanalysis, Srolovitz-ct al,( 1984b) and Doherty et al. (1987’),it w3%
expected that the values of the fraction of the particles on the ooundarics and at the 3 grain
edges, @ and $3, should incrcasc from the random vcilucs at the start of the second stage
simulation as grain boundaries migrated and bccamc held-up at particles. It was, however, not
known howquickly this might happennor what the limiting grain sizes would be,
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Fig. 11. Evolution of microstructure with
time in MCS, from a starting grain area of
42, for several values off. (a) The mean
grain area and (b) the fi’actionof particles
$ on the grain boundaries.

Fig.1la shows the growth in mean grain
area while 1lb shows that the inmaae in

of 42 a. @ increasesat a compable way

to $. There is a steady increase indb
owards a limiting vah. ‘&attakes longer
to achieve at smaller values of f. The
fraction of the particles generally on the
boundariesand at 3 grain edges increased
very much more rapidly to the limiting
values. Fig. 12 shows the similar xwdts
using the 1~-gerstarting grain sizes, but
for the larger values of CA>Oonly one
volume !laction, f = 0.05, has so far bum
tested. The results are also given in tables
2-4 which also ive details of the analysis
of the results. #ig, 13 shows the limiting
grain areas produced as a function of the
reciprocal off. together with the original
results from Srolovitz et al. (1984b) for
2D particle limited grain growth from
<#i>O=), For values of f >0.0375, the
simpleresult is pmduccd:

4> = <A>O+ 2.9 / f (16)

This is identical to that of Srolovitz et al.f,1984b)for the f dependency but shows a striking
increase in the limiting grain size directly arising from the larger startin grain areas. Initial
results suggest that at larger values of l/f the results are tending towJ s the original value,
Cq.llor 16a.

d> = 2.9/f (16a)

As I/f bccomcs larger the intwparticlc spacing, (~/f)l~ in 2D, becomes much larger than the
starting ain sizc,<A>O, so it would k expected that the new results should merge with q.

r1la u f ails, However at small valuesof f longer times and more repeatedruns arc rcquird to
give statisticallyvalid results for the pinned grain tizcs, These will be published whenavailable.
The limiting V~UCb of @and ~ as a function of I/f (for CA:*U= 42) arc shown in fig.14( the
largestvalue of l/f shown in fig,14 is for a structure in which grain growth was still continuing
though the $ vducs seem to have saturated, From fig.14 it can that, at small values of l/f, the
values of @ are smaller than those found for ul>o = 1, With +>0 = 1, @fell from 0,9 at
l/f =20 to 0,86 at l/f =100 and to 0,8 at I/f= 200, Srolovitz et al (1984b).
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For 2D hexagonal
r

ains in a
hexagonallattice the simp e result that a
hexagon of side h will cover A lattice
points such that:

A=3hz-3h+l (17)

This is readily derived - for example by
determining the area as the sum of the
number of lattice points in 3 rhomi of
sides h by h (ha), less the sttes double
counted in 3 rows of length h ( -3h) that
meet at the center site that needs then to
be included (+1). For A >1 this yields

h = (3 + (12 A-3)~~)/6 (17a)

Ins ection rcvea that there arc ( 12h
1- ) lattice points adjacent to the

boundaries of such a hexagonal grain.
18 of these boundary point arc
associated with the 6 triple @ints, each
shared with 3 grains, so each tri le

&point contributes6 sites per grain. e
remaining (12h -24 ) sites are each
associated with boundaries between 2
grains, so these sites contribute

a fitrthcr (6h - 12) boundary sites to each grain, This gives a total of (6h - 6) boundary sites
for each h sided grain, The fraction of sites in contact with grain boundaries F(b) is then the
the product of (6h - 6) sites per grain with the number of grtt~nsNo divided by the number of
latticepoints Np. But No/Np = 1/ cA>,

F(b) = (6h -6) / <A>

For a Zcner-like _ correlation of particles with grain
substituting* for A in q, 17a:

(18)

boundaries we then obtain after

$(z) = F(b) = { (124> -3)1~ -3)/ cA> (19)

The fraction of particles at 3 grain triple point in the random structure is readily estimated as
follows. Each hexagonal grain has 6 triple points each sourrounded by 3 lattice points giving



18 points but these are shared between 3 grains so giving 6 lattice “triple” points pcr grain.
This immediatelyyield%for a random correlationof particles and grain boundaxk
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Fig.13. The limiting grain areas
as a function of I/f and the starting
grain area, *>0.
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Table 2 gives details of the initiul suwting structures nnd shows that cq, 19 g{vcs CIOSC
agreement with the observed values of $, however q, 20 slightly ovcrcstimtttcs the values of
~. Tablc 3 showsthe details of the pinned structures wndthe prcdictcd values of 4>(z), ~(z)
and ~(z) prcdictcdfor a random comchtion of bounhics nnd particles
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42,8
42.6
42.6
42.9
77.8
157

a>,

.

IBklLL Mid 2D SimulationMicrosrructm

f $ $3 w

0.0125 0.48 0.10 0.46
0.0375 0.48 0.12 0.46
0.1250 ~la47 0.12 0.46
0.2250 0.45 0.10 0.46
0.0500 0.35 0.07 0.35
0.0500 0.26 0.034 0.26

H pinned 2D SimulationMicrostructure

f 4> +(z) o b

42.8 0.0125 235 3940 0.78 0.25
42.6 0.0375 117 438 0,74 0.24
42.5 0.0s00 97.1 246 0.72 0.26
42.6 0.1250 62.3 39.5 0.68 0.20
42.9 0.2250 54.0 12.2 0,63 0.13
77.8 0.0500 131.5 246 0.62 0.19
157 0.0500 209.4 246 0,40 0.115

*(Z)

0.14
0.14
O*14
0.14

0.077
0.038

W) b(z)

0.21 0.025
0.29 0.051
032 0.062
0.39 0.096
0.41 0.110
0.28 0.046
0.23 0.029

During growth there is a rapid initial increase in the values of $ and $3. But the expcctcd
random or Zcnc vhm, qs. 19 and 20, predict a fall as the mean grain size grows. That is
them is during the intial period of grain growth a rapid evolution in the correlation of particles
and boundariesand triple points as the boundariesmove to particles and arc held them - this of
course leads to a slowing in the rate of pain growth- whichon an A /MCS (time) plot wouldbc
linear if no particle irihibition of motion were present, Anderson et al, (1984). Somewhat
surprisingly, the values of $ and ~ saturate much sooner than does 4>, that is grains arc still

●

disa pcaring even though them is no further increase in the particle / boundary correlation, A
Ysimi ar effect, thou h perhaps a less obvio ISfeature, can be noted in the original 2D particle

fsimulationsof Soro vitz et al.(1984b), Two processesseem to be occuring in the present study.
Fnt there is a short period of time in which t!!efractionof particles on the boundaries incrcascs
while general grain growth is occunng. Thereafter there is no further increase in the ftaction of
particles on the boundaries but the mean grain size continues to increase - indicating that
smallestgrains, not in contact with particles, am still disappearing, Small

r
‘nsnot in contact

with more than 2 particles should be able to vanish, fig,4, This idea can ex lord further
~b use of the grain size distribution in the 2D single phase simulations, fig, 10of rolovitz et al

(f’984a). Table 4 shows the fraction of grains, Gd, that have disappeared as the grain size
grew from the original vaJue,IA>O, to the final value cA> seen in table 3, a is the grain size
ratio, R*/ <R>O,with R* and A* the radii and areas of the smallest class of grains present at the
start of grain growth that survives the period of particle limited grain growth and P* is the mean
numberof particles in contact with or inside these critical sized grains which were all trwitcdas
though hexagonal. P* appears to be close to the critical value of 3- apart that is horn the
extreme values off, ‘1’Idsfailure at small f is not surprising since at the large values of l/f the
critical sized grains thtit just su~ive will first ~ to the interparticlc spacing, (1/~1~, so
increasin the numberof particles that they contact beforethey try to shrink back. The incrcasc

fin P* at ~gc f is not however undmstw~ and may indicate that the cumcntanalysis is flawed
in some way,

A final point is worth maldn about the data shownin table 3, The Zener model sccma to fail in
!two opposite ways, At sma I volume fractions it undcrcstimatcs the magnitude of the particle

inhibition of grain growthjust as in the earlier simulations - more sipificantly however it also
fails when a large initiaJgrain size is pmduccd and given a high dcns~tyof randomlydistributed

lC



particles. T& Zcncr analysis predicts that there sh&dd be no grain growth - but
r

wth is
seen. This arises sincemany small grainsdo not contain a critical number of partic s to step
their Collapa givinga significantdcccasc in the rmmbcrof remaining grains.

W GrainGrowth,Analysis

4>.
42.88 42.6
42.5
42.6
42.6
77.8
157

0.0!25
0.0375
0.0500
0.1250
0.2250
0.050(?
Ooog)()

<A>
235
117

97.1
62.3
54.0
131.5
209.4

Gd
0.82
0.64
0.56
0.32
0.21
0.41
0.25

1;6
0.97
0.86
0.57
0.47
0.65
0.52

A* p*

3:85 ;:!
31*5
13.8 ::!/
9.6 S.8
59.1 3.0
70.8 3.5

In conclusion, both series of simulation studies show tl,at the Zcncr analysis based on random
psrticlt~boundiuycorrelation fails and an alternative model is required. The current results
suggests that a more successfid model will be one based on the effect of particles on removing
the cuwature required for grain growth. During growth fmm a very mall grain it can be seen
that grains growuntil the grain size is comparable to the intcrparticlc spacing, (li’f)l~ in 2D and
(1/f)l~ in 3D. During growth from a finite grain size comparable to or larger than the
in

T
“clespacing the current rcsuks suggest that those grains that contain less than a critical

num r of particlesabout 3 in 2D will vanish. Further simulations will be required to study the
important pmblm of 3D growth from a finite grain size

5. EXPERIMENTALSTUDIESIN Al-Fe

In order to provide some verification of the validity of the com uter models some brief
. 1experiments have been carried out using an Al -0. 15wt% Fe -0. 7% Si alloy supplied by

Alcoa for a different rcscamh project, This alloy, after casting and hi h temperature
$homogcnizmion has a low volume fraction, f = 0.002, dispersion of coarse Al c articles thut

arc very stable during long hi h temperature anneals,
!

rSuch a system is idea ly suited to
distinguish bctwccncqs 8 and 1 , The as-castmaterial has ken shown to have a near random
texture and was homogenized at 6200C for 24 hrs and heat treated at 45(YCfor 72 hours to
precipitate a fine dispersion of the cubic AIFeSi phase. Samples were then cold rolled 20,
30, 34, 40 or 60% and recrystallized at temperatures between 5000C ( 20 and 30%
deformation) to 4000C ( 60%J for 4 hours, At these lower tcm raturcs the AIFcSi phase pins
grain growthso the as rccqw r‘lizcd grain size could be readily etcrmincd. The materialswere
then laced in an air fumacc at 6200Cand held for various Icngths of time - shown in table 5.

CfCon uctivity and SEM studies showed that the fine AIFeSi phase dissolved up completely in
Icss than 1 hour at 62(PW, The grain size wus determined by the linear intercept method and
the results shown in table 5. An unexpected com lication of this study was the ready
intervention of a$normal grain ~wth givm

#
??iw.dated ugc grains whose size was fkcqucntly

limitedonly by the specimen dimensions, his occurcd for materials rolled more that 34%
giving as rccrystailizcd grain sizes of 130 microns or less, However even with abnormal
grain growth it was sometimes possible to find a region of the sample showing a sufficient
numberof matrixgrains for the grain size of these mnmx grains to bc dcterrnincd.

For the mean size of pmicles, <r> R 2pm the Zcncr analysis predicts a pinned grain size of
1300pm - very much larger than the limiting grain size seen of 200~m.” The 3D computer
simulation starting at a very fine grain size predicts 62pm -3 times smaller than seen but no

correction can be made for the finite grain size effect since this has not yet simulated in 3D,

16
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Qualitatively this effect is expectedto increasethe pmdictcdvalueof the final grain size but the
magnitudeof the incmaac is at ~nt unknown. Attempts to avoid this difficulty by reducing
the grainsize produced the abnormalgrain growtheffect seen.

= obsmcd grainsizes (in pm) after different times at 6200C

Reduction Rex.Tcmp As-Rexcd lhr 4hr 8hr 2ohr 112hr

5(XPC .280 254 274 . 270 272
5(KPC 176 186 - - 208 -

34% 45(PC 2(XI 208 - - 220 -
45(PC 132 208 234 A A-

60% 4(X.PC 85 200 A 215 A192 A208 -

A - indicates thatabnormalgrain growth has occurcd in part or mostof the sample.

The obvious fmt question about this abnormal grain growth is why might it have occcurcd?
Brief texture studies have shown that the as-recrystallizedmaterial has a very weak texture and
the abnormal grains appcat to have no special orientation with respect to the rollin geometry.

fThe brief review of the physics of particle drag at the start of this paper immdiate y suggests,
however, an attractive hypothesis. ~c ~ner analysis leading to cq. 8, while not appropriate
for normal grain growth, ~ This pmccss occurs
by mi

,

r
tion of the boundaries of a few, very large grains. For abnormal grain growth, ~>

in cq. will be the maximum matrix grain size that should just support the growth of an
abnormal grain that was very much larger than the pinned matrix grain size. The pressure
bal~ce leading to q. 8 is precisely that required for just preventing abnormal grain growth

So abnormal grain growth can, on this basis, be
predicted to be possible whenever the matrix grain size is inncd by particle inhibited normal

rgrain growth ( eq. 13 as modifid Jy finite starting size cf cct) and when a very large grain is
present. The current data suggests that with starting grain sizes Icss than 14@m, the required

. nucleationof abnormal grain growth can take place. Initial further cxpcrimcnts that su port
this have been carried out by attempting to provide such a nucleus by a localized h& Css
indentation. So far this has only been carried out on as-cast material (with a sting grain size
of 150pm). This matcnal withou: indentations usually resists abnormal grain growth except
for anneals of 1 week or more - but it always shows abnormal grain growth from indentations
after a few hours at 6200C. Thcse tentative conclusions from this, so far very limited data,
clearly needconfmtion by furthercxpcrimcnts- but if these ideas am confti they could be
of very major significance m understandingthe conditions for this usually undcsimblc process.
Limited support is provided by the observation by Calvet and Renon(1960)of abnormal in

rprowth in deformed aluminium alloys when annealed at each alloy’ssdvus tcmpcraturc that
IS where f ->0 ). It is an obvious question as to why, if this idea is true, that our 3D
simulations did not show this effect. Some limited indication of the possibility of abnormal

r
‘ngrowth was briefly dcscribcd in the studies of precipitate size distributions, see also fig.6.

here is an interesting but frustrating limitation on the 3D simulations - at small volume
fmcdons the matrix sins arc becoming com~arable to the array size ~ivin both very Ion
runs and very limitJ numbers of grains that might act as potential nuclei. 2 xpcriments wiJ
inserted large

r
ain nuclei in pinned 3D arc thcrcfor clearly required and arc under way, Such

experiments o course failed to give abnormal grain
f

owth in 2D, Srolovitz et al.(1985), but
giventhe curvatureinhibitingeffect of particles in 2D t at failure is of cou~e now expected.

60 CONCLUS1ONS

The 3D simulations show that the limiting rain size following nomd grain growth from a
tsmall grain size is a simple function of (1/01 - with a much higher than random corclation of



particles with grain boundaries. The pinned grains had a small @n size cut-offat a hi@er
fraction of the mean grain sizo than is seen in the single phase simulations. 2D simulations*
thin a finite grain size showed that the limiting grain size is a strong fimction of both the
starting grain size as well as the particle fiction. These simulation results show that the Zcner
model is seriously flawed for normal grain growth for which a better model is one basedon the
ability of particles, in both 2D and 3D, to remove boundary curvature. Limited experimental
resukts has been obtained and these support these conclusions but show, at small as
rcorystallizcd grain sizes and low volume fractions of particles, a readytransitionto abnormal
grain growth. Such a transition can be readily understood on the basis that the Zcncr limit
though failingfw normalgrain growthis a valid model for pnxiictingthe limiting grain size rhat
will allow the wth of a few large grains. Further experiments and rrmre simulations me
mqtlired to these initial results.
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